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Larval habitat for three highland Anopheles species: Anopheles albimanus Wiedemann,
Anopheles pseudopunctipennisTheobald, andAnopheles punctimacula Dyar and Knabwas
related to human land uses, rivers, roads, and remotely sensed land cover classiﬁcations
in the western Ecuadorian Andes. Of the ﬁve commonly observed human land uses, cattle
pasture (n = 30) provided potentially suitable habitat for A. punctimacula and A. albimanus
in less than 14% of sites, and was related in a principal components analysis (PCA) to the
presence of macrophyte vegetation, greater surface area, clarity, and algae cover. Empty
lots (n = 30) were related in the PCA to incident sunlight and provided potential habitat for
A. pseudopunctipennis and A. albimanus in less than 14% of sites. The other land uses
surveyed (banana, sugarcane, and mixed tree plantations; n = 28, 21, 25, respectively)
provided very little standing water that could potentially be used for larval habitat. River
edges and eddies (n = 41) were associated with greater clarity, depth, temperature, and
algae cover, which provide potentially suitable habitat for A. albimanus in 58% of sites and
A. pseudopunctipennis in 29% of sites. Road-associated water bodies (n = 38) provided
potential habitat for A. punctimacula in 44% of sites and A. albimanus in 26% of sites
surveyed. Species collection localities were compared to land cover classiﬁcations using
Geographic Information Systems software. All three mosquito species were associated
more often with the category “closed/open broadleaved evergreen and/or semi-deciduous
forests” than expected (P ≤ 0.01 in all cases), given such a habitat’s abundance.This study
provides evidence that speciﬁc human land uses create habitat for potential malaria vectors
in highland regions of the Andes.
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INTRODUCTION
Recent studies have identiﬁed the presence of multiple Anopheles
species as well as the occasional small-scale epidemic of malaria in
the highlands of the northern and centralAndes (Rutar et al., 2004;
Pinault and Hunter, 2011a). Although land use and land cover are
strongly associated with Anopheles larval habitat, increasing pop-
ulations of the vectors, and malaria incidence in the highlands of
Africa (e.g., Brinkmann, 1994; Shanks et al., 2000; Hay et al., 2002;
Afrane et al., 2005), the associations of the highland-occurring
Anopheles species in the Andes with land uses have been hitherto
unknown.
Conversion of a property to a speciﬁc land use may alter
the presence and abundance of local Anopheles species by cre-
ating potentially suitable larval habitats (reviewed in Reiter, 2001;
Chhabra et al., 2006). Certain land uses are frequently associated
with anopheline larval habitat on different continents, including
rice farms (Brinkmann, 1994; Reiter, 2001), ﬁsh farms, particu-
larly abandoned ﬁsh ponds (Reiter, 2001), as well as cattle pastures
where cattle footprints create permanent depressions that ﬁll with
rainwater (Reiter, 2001).
In addition to creating potential larval habitat, reduced canopy
cover in the highlands (in disturbed or deforested habitats) may
inﬂuence anopheline habitat suitability by altering the localmicro-
climate (Patz et al., 2004; Minakawa et al., 2005; Chhabra et al.,
2006; Guerra et al., 2006; Pattanayak et al., 2006; Yasuoka and
Levins, 2007). Deforested areas are approximately 0.5˚C warmer
than adjacent forested regions in highland Kenya (Afrane et al.,
2005, 2006). Anopheles gambiae Giles in highland Kenya have
64.8–79.5% higher fecundity rates, a 40% higher net reproduc-
tive rate and a 29% higher vector capacity (Afrane et al., 2006), as
well as a shortened gonotrophic cycle in deforested rather than
forested regions (Afrane et al., 2005). Increasing temperatures
have been shown to have non-linear, positive effects on anophe-
line larval development rates (Paaijmans et al., 2010). In South
America, deforestation has also been associated with malaria inci-
dences, particularly for road building, gold mining, or permanent
colonization or urbanization, most prominently in parts of the
Amazon (Pinheiro et al., 1977;Walsh et al., 1993; Tadei et al., 1998;
Póvoa et al., 2003; Caldas de Castro et al., 2006; Guerra et al., 2006;
YomikoVittor et al., 2006; Pan et al., 2010; de Oliveira et al., 2011).
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In malaria-endemic highland regions of Africa, anopheline lar-
val habitat is limited by steep topography to areas where water
accumulates (e.g., Balls et al., 2004), often in valley bottoms
(Munga et al., 2009). In the Usambara mountains of Tanzania,
Anopheles larvae live in sunlit pools that offer a warmer microcli-
mate, and may be associated with the irrigated vegetable-growing
terraces (Bødker et al., 2000). A. gambiae are associated with open
habitat in farmlands and pastures in highland Kenya, particularly
in water-collecting valley bottoms (Munga et al., 2009).
In South America, where highland malaria is less well-studied,
Andean highland valleys were afﬂicted with cases of highland
malaria during the 1940s, vectored by A. pseudopunctipennis (Levi
Castillo, 1945). However, Levi Castillo (1945) documented the
removal of this vector from highland valleys near Quito, Ecuador
through the elimination of larval habitat and the use of chemical
insecticides. Since that time, highland areas have been generally
considered malaria-free (Pinault and Hunter, 2011a).
Land use changes in the Ecuadorian Inter-Andean valleys, par-
ticularly the conversion of highland páramo and forests to crops
and pasture, occurred over vast areas during pre-Colombian times
(Sarmiento, 2002). However, widespread land use changes have
occurred in Ecuador during the last century in the coastal and
Amazonian regions. The humid tropical forests of the coast were
colonized during the cocoa boom in the 1920s and the banana
boom in the 1950s, during which an extensive road network was
built linking ports to inland coastal cities and highland Andean
cities (Wood, 1972; Bromley, 1981). This road building led to
informal colonization of foothill regions (ca. 500–1500m) to grow
sugarcane and oranges (Wood, 1972; Bromley, 1981). The north-
ern Amazon was heavily colonized during the oil boom in the
1970s, when large-scale road networks were built to accommodate
the oil industry (Wood, 1972; Bromley, 1981). Settler colonies
built slash and mulch polycultures to farm rice, yams, corn, plan-
tain, and yucca, that were later converted to pasture (Hiraoka and
Yamamoto, 1980).
More recent studies of landuse inEcuador indicate the presence
of permanent crops at lower elevations of the Andes, with denser
human populations associated with temporary crops. Grasslands
for pasture are associated with fertile soil, whereas economically
poor areas are often associated with natural vegetation (no human
land use; de Koning et al., 1998). On the coast, permanent export
crops with widespread irrigation are favored, whereas in the Ama-
zon, there is a trend for agricultural colonists to convert forest to
grassland to be used as pasture (de Koning et al., 1998).
In this study, we evaluate the hypothesis that land use change
is responsible for the proliferation of multiple vector species in
the western highlands of Ecuador by creating suitable larval habi-
tat. We predict that current land uses would provide potentially
suitable habitat for larvae of three species of western-occurring
malaria vectors. In this study, we relate the most common land
uses, as well as the presence of rivers and roads on the western
cordillera of the Andes, to potentially suitable larval habitat for
Anopheles albimanus, Anopheles pseudopunctipennis, and Anophe-
les punctimacula.We also compare the distribution of these species
based on recent collections to published land cover classiﬁcation
maps. The purpose of this study was to identify human land uses
and land covers that provide potentially suitable larval habitat for
each of the three common Anopheles species, as well as to relate
any of these species to the presence of roads and rivers that may
serve as lowland-highland corridors, and thereby identify prior-
ity larval habitat types. Although the incidence of malaria has
declined substantially in Ecuador in recent years due to govern-
ment intervention, malaria persists at low levels in certain coastal
and Amazonian regions (SNEM, 1995–2009), therefore, studies of
vector ecology are still pertinent.
MATERIALS AND METHODS
LAND USE
In the present study, we attempt to characterize anopheline larval
habitat availability in the highlands, i.e., steep topography areas
of the western Andes of Ecuador. These lie conservatively from
500 to 2000m in elevation, the latter being the current maximum
altitudinal limit for collections of the three more common species
(Pinault andHunter,2011a). Todeterminepotential habitatsmade
available by highland land uses, it was ﬁrst necessary to character-
ize the most common land uses present between 500 and 2000m.
To that end, researchers surveyed land uses present along six alti-
tudinal transects in the western Andes in 2009 and 2010, along the
east-west roads from: Quito to La Independencia (ca. N01˚02′),
Pilaló to Quevedo (ca. S00˚53′), Guaranda to Puebloviejo (ca.
S01˚35′), Chimbo to Babahoyo (ca. S01˚45′), Alausí to El Triunfo
(ca. S02˚18′), and Loja to Machala (ca. S03˚52′). Researchers pro-
gressed very slowly along the roadway in a motor vehicle and
stopped at 100m elevation intervals to record the dominant land
use, vegetation type, presence of water bodies, and geographi-
cal coordinates and altitude (using a Garmin® GPS eTrex Sum-
mit) observed on the right-hand side of the roadway (along the
downhill trip). The six most commonly observed land uses were
ascertained graphically and used in subsequent analyses.
To determine the potential anopheline larval habitat made
available on the most common land uses within the highlands
(determined above), researchers traveled along accessible roads in
the western Ecuadorian Andes in summer, fall, and winter during
2009 and 2010 and searched for the following land uses: cattle
farms, banana plantations, mixed tree plantations (including cit-
rus fruits), sugarcane plantations, and empty lots/cleared land.
To randomly select half of the available sites, at each potential
site researchers ﬂipped a coin to determine if the property would
be sampled, then, permission was sought from the landowner
or manager to enter the property for the purpose of the survey
(except empty lots/cleared land, which were most often public
domain). Between 21 and 30 sites were sampled for each land use
type.
At each site, researchers recorded the geographic coordinates
and altitude using a GPS as above, and the air temperature.
Researchers then moved about the property and observed every
potential anopheline habitat (i.e., standing water or slow-moving
water bodies), recording the length, width, and depth, water
temperature (Hanna Instruments HI98129 combination water
tester), percentage cover of algae and macrophyte vegetation (10%
classes), incident sunlight (10% classes), and water clarity (10%
classes). In every water body, water was dip-sampled using a
white plastic dipper (BioQuip) for Anopheles larvae a standard
of 30 times (although ﬁve dips were used for very small water
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bodies). When larvae were collected, these were placed in vials
containing 95% ethanol, transported to the laboratory, and iden-
tiﬁed to species using the morphological key of Gorham et al.
(1973) andmolecular techniques as inPinault andHunter (2011a).
Specimens not destroyed formolecular sequencingwere deposited
in the Ecuadorian National Collection in Quito (PUCE) and
nucleotide sequences were deposited in GenBank (accession num-
bers JN412826–JN412843) When property sizes were greater than
ﬁve hectares, researchers sub-sampled a portion of the property
(approximately two hectares in size).
For sites with water bodies, an average value of the parameters
above was obtained for each site and entered into a principal com-
ponents analysis (PCA) to determine its relation to land use type
(entered individually with dummy variables; CANOCO, 2002).
Data were standardized by conversion of values to Z -scores using
the mean and SD of the data set to ensure that factors were
similarly weighted, and centered around zero prior to analysis
(Whitlock and Schluter, 2009). Water bodies were then judged for
potential suitability for A. albimanus, A. pseudopunctipennis, and
A. punctimacula larvae using the following criteria, derived from
ﬁeld-based observations made during work conducted in Pinault
and Hunter (2012). We therefore chose limiting temperatures and
other criteria that would include all observed values from ﬁeld
sites. A. albimanus-suitable habitats were permanent water bodies
with some ﬂoating algae (at least 10% cover) and within a tem-
perature range of 22–33˚C. A. pseudopunctipennis-suitable habitat
contained some ﬂoating algae (at least 10% cover), 40% clarity or
greater, less than 10% cover of emergent vegetation, and temper-
atures within the range of 20.3–37.0˚C. A. punctimacula-suitable
habitats were water bodies with less than 70% incident sunlight
and less than 50% algae cover, with temperatures in the range of
19.5–28.6˚C. All criteria represent values that are conservative, i.e.,
are more likely to include a site as potentially suitable for larvae
than not, since there is some natural variation in larval habitat site
suitability.
RIVER AND ROAD EDGES
Water bodies associated with rivers and roads were assessed as
potential anopheline larval habitats in highland regions. Since
roads and rivers form continuous rather than discrete sample
areas, the site-selection process for sites was different than for land
uses. Researchers searched in the western Andes for river and road
sites that had at least one stagnant or slow-moving body of water
that may have been potentially suitable for anopheline larvae, and
ﬂipped a coin to determine if the site would be used or not. At each
site, all water bodies were scrutinized using the same criteria and
sampled for anopheline larvae as above (for land uses) within a
10m circular study radius. A total of 41 river sites and 38 road edge
sites were surveyed. Data were analyzed using a PCA and assessed
for potential species suitability as described above.
To determine the spatial distribution of road edge habitats,
researchers undertook three altitudinal transects along the follow-
ing roads: Ibarra to Lita (ca. N00˚50′), Quito to Puerto Quito (ca.
N00˚06′), andAlausí to El Triunfo (ca. S02˚18′).We were restricted
to these roads due to safety issues regarding conducting research in
trafﬁc-heavy sections of other roads. Researchers traveled slowly
along the road and stopped at every stagnant or slow-movingwater
body observed on the right side of the road. Water type, size, coor-
dinates, and altitude were recorded as above. To determine the
degree of clustering of water bodies along each road, water bodies
were plotted in ArcGIS v. 9.2 (ESRI, 2008) and analyzed using the
Spatial Autocorrelation (Moran’s I index) tool, weighted by total
water surface area. Moran’s I (MI) determines whether spatial data
is clustered, dispersed, or randomly distributed (Moran, 1950).
LAND COVER
Land use can affect larval habitat availability through changes
to the vegetation architecture and degree of canopy openness.
For this reason, we determined the land cover for each of the
positive collection localities from Pinault and Hunter (2011a)
for each of the three Anopheles species above. Collection sites
were plotted in Arc GIS v. 9.2 with the GlobCover© 2009
land cover map, published by the European Space Agency and
the Université Catholique de Louvain. The GlobCover© data
presents mosaics of the 22 land cover classes of the United
Nations Land Cover Classiﬁcation System at 300m resolution,
derived from a time series of global MERIS (MEdium Res-
olution Imaging Spectrometer; Bontemps et al., 2011; avail-
able at ArcGIS online, 2011). Land use values on raster
tiles corresponding to distribution (collection) points were
enumerated and compared to expected values derived from
the availability in the overall landscape, using a Chi-square
test.
RESULTS
LAND USE
Land uses on total of 263 sites were recorded along ﬁve alti-
tudinal transects. Of these, 117 sites were observed to be “nat-
ural,” i.e., were not used for any discernable purpose and were
not recently disturbed in any way, with an average altitude of
1705± 654m (mean+ SD). Of natural sites, 47 of these were too
steep to be used by humans (i.e., cliffs), with an average altitude
1617± 313m. Human-use sites observed along the transects are
plotted inFigure 1.Within the elevations of interest (500–2000m),
themost common land uses observed are: cattle pastures (51 sites),
human habitations (13 sites), banana plantations (9 sites), sugar-
cane plantations (8 sites), mixed tree plantations, including citrus
fruit species (6 sites), and cleared land/empty lot/construction
sites (4 sites; Figure 1). In a concurrent study, human habitations
provided almost no standing water other than cement laundry
tanks, rain barrels, and septic tanks, all of which are unsuitable
for anopheline larvae (Pinault and Hunter, 2011b). Therefore, the
remaining ﬁve land uses were used in the subsequent land use
survey.
In the survey of properties of pre-established land uses, the
largest of the ﬁve property types were cattle pastures (n = 30;
area 36117± 77351m2), with an elevation of 1435± 517m, then
banana plantations (n = 28; area 13215± 32835m2), with an
elevation of 887± 534m, sugarcane plantations (n = 21; area
6870± 8682m2), with an elevation of 1249± 437m, mixed tree
plantations (n = 25; area 6012± 6198m2), with an elevation of
795± 502m and ﬁnally empty lots (n = 30; area 2335± 2504m2)
with an elevation of 1294± 557m. The ﬁve human land uses
were related to water body characteristics measured at each
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water-present site using a PCA (Figure 2). In the ﬁrst bi-plot,
banana plantations and mixed tree plantations are strongly related
on Axis 1 to depth and negatively related to incident sunlight,
while empty lots are strongly associated with incident sunlight
(Figure 2A). On Axis 2, cattle pasture is strongly related to macro-
phyte vegetation, increasing surface area, clarity, and algae cover
(Figure 2A). In the second bi-plot, banana plantations and empty
lots are associated with incident sunlight and to a lesser extent,
depth, and higher temperature on Axis 1 (Figure 2B). On Axis 3,
FIGURE 1 | Generalized land uses observed along six altitudinal
transect in the western Ecuadorian Andes, plotted by longitude.
Elevations of biological interest are indicated within a black rectangle and
land use types are indicated by symbols (see legend).
cattle farms are associated with macrophyte vegetation and algae
cover, as well as with altitude, and surface area (Figure 2B). A total
of 54.7% of the cumulative variance was explained by the ﬁrst
three Axes, with the following Eigenvalues: Axis 1: 0.215, Axis 2:
0.183, Axis 3: 0.149.
All sites with standing water were analyzed for potential habi-
tat suitability for the three anopheline species, and plotted in
Figure 3A. The human land use type with the most sites with
available standing water were empty lots (40% of sites with some
type of standing water), 13.3% of which were potentially suit-
able for A. pseudopunctipennis and 10% potentially suitable for A.
albimanus (Figure 3A). In second place, 33.3% of cattle pastures
had some type of standing water, 13.3% potentially suitable for
A. punctimacula, and 10% potentially suitable for A. albimanus
(Figure 3A). A. albimanus larvae were collected from one empty
lot site (9 larvae) and one cattle pasture site (93 larvae). The other
land uses in highland regions were quite dry, with 16% of mixed
tree plantations, 14.3% of sugarcane, and 7.1% of banana farms
containing any standing water, most of which was unsuitable for
anopheline larvae (Figure 3A).Anopheles larvaewere not collected
at any other sites.
RIVER AND ROAD EDGES
Roadand river siteswere sampled atmean elevations of 1411± 407
and 1034± 537m, respectively. Figure 4 presents the bi-plot
results of a PCA relating roads and rivers to water body char-
acteristics. In the ﬁrst bi-plot, rivers are associated with clarity and
to a lesser degree, depth, whereas roads are weakly associated with
FIGURE 2 | Bi-plot results of principal components analysis of land uses and habitat characteristics for (A) Axes 1 and 2 and (B) Axes 1 and 3. Output
from CANOCO (2002).
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macrophyte vegetation cover along Axis 2 (Figure 4A). The water
body characteristics of temperature, incident sunlight, and algae
were inversely related to altitude (Figure 4A). In the secondbi-plot,
rivers and roads are separated along Axis 3 (Figure 4B). Rivers are
weakly associated with temperature, depth, algae cover, clarity, and
incident sunlight, whereas roads are related to increasing altitude
(Figure 4B). The number of active samples in the PCA were 79,
and a total of 57.2% of the cumulative variance was explained by
the ﬁrst three Axes, with the following Eigenvalues: Axis 1: 0.296,
Axis 2: 0.160, Axis 3: 0.116.
Roads and rivers were judged to have a high proportion of sites
that would be potentially suitable for anopheline larvae. Roads
were judged to provide the most potential habitat for A. punc-
timacula (44.7%), followed by A. albimanus (26.3%; Figure 3B).
Rivers, on other hand, provided the most potentially suitable habi-
tat for A. albimanus (58%), followed by A. pseudopunctipennis
(29.3%; Figure 3B). In terms of actual collections of anopheline
larvae, one road site was positive forA. albimanus larvae (three lar-
vae), three sites were positive for A. punctimacula larvae (4.3± 1.2
larvae; mean± SD), and one site was positive for A. pseudop-
unctipennis larvae (6 larvae). Rivers provided the most current
Anopheles habitat, with a total of 19 larval-present sites: 12 A.
pseudopunctipennis sites (41.2± 56.8 larvae), ﬁve A. punctimacula
sites (29.0± 34.4 larvae), and two A. albimanus sites (34.5± 38.9
larvae).
Of the three roadside water transects, Ibarra to Lita provided
21 water-present sites, followed by 15 sites for Quito to Puerto
Quito and 6 sites for Alausi to El Triunfo. Most water bodies were
roadside ditches, but permanent tire tracks, inland ditches, and
pools formed by construction activities were also associated with
roads. SpatialAutocorrelation analysis indicated that all three tran-
sects were signiﬁcantly randomly distributed, rather than clustered
at speciﬁc elevations (Ibarra-Lita transect: MI = 0.21, Z =−0.57;
Quito-SantoDomingo transect:MI=−0.02,Z=−0.08;Alausi-El
Triunfo transect: MI=−0.22, Z =−0.04). Anopheles larvae were
only collected at four sites, with A. pseudopunctipennis larvae col-
lected at two sites of ca. 1500m, and A. albimanus larvae collected
at two sites of ca. 600m in elevation.
LAND COVER
Collection localities for the three species were related in ArcGIS
to the U.N. land cover classiﬁcation system. All three species
were the mostly strongly related to the classiﬁcation “closed/open
broadleaved evergreen and/or semi-deciduous forest” (Figure 5),
signiﬁcantly more often than expected given its availability in
the landscape (A. albimanus: χ2 = 18.70, df = 2, P < 0.01; A.
pseudopunctipennis: χ2 = 8.88, df = 2, P = 0.01; A. punctimac-
ula: χ2 = 19.33, df = 2, P < 0.01). A. albimanus were also often
associated with “mosaic cropland (50–70%)/vegetation,” while A.
pseudopunctipennis was less speciﬁcally associated with one land
cover type; rather, it was broadly associated with several land cover
classiﬁcations (Figure 5). A. punctimacula was more speciﬁc and
collected from fewer land cover types (Figure 5).
DISCUSSION
Our study has identiﬁed land uses (including rivers) that may
be more amenable to the development of anopheline larvae in
FIGURE 3 | Percentage of sites with: standing water available
(black bars) and potentially suitable habitat for anopheline
larvae:A. albimanus (diagonal bars),A. pseudopunctipennis
(horizontal bars), andA. punctimacula (shaded); for (A) different
land uses and (B) river and road edges. Note difference in y-axis
ranges between (A) and (B).
the western highlands of Ecuador. Cattle pasture can be consid-
ered the managed traditional land use most of concern. Cattle
pasture was the land use most commonly observed during the
transects (i.e., it is abundant), as well as having the largest prop-
erty size of all the land uses examined, with an average area of
36617m2. Thirty-three percent of cattle pastures surveyed con-
tained standing water, with less than 13.3% potentially suitable
for each of the anopheline species. Although the water bodies
on cattle pasture were associated in the PCA with higher water
clarity, which is favorable for all three species, and algal cover,
which is very favorable for A. albimanus and A. pseudopunctipen-
nis, water bodies were also associated with macrophyte vegetation
cover,which is unsuitable for all three species (Pinault and Hunter,
2012). Given the extent of cattle pasture in the highlands of
Ecuador, priority ought to be given to ponds and other “nat-
ural” water bodies used to provide cattle with drinking water.
The use of drainable troughs, including the frequently used half-
tire troughs, may be recommended to cattle farmers to eliminate
potentially suitable pooling of water. Similarly, ﬂooded parts of
pasture are of concern as well; in Mexico, A. albimanus are asso-
ciated with regions of ﬂooded cattle pasture (Rejmankova et al.,
1991).
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FIGURE 4 | Bi-plot results of principal components analysis of rivers/roads and habitat characteristics for (A) Axes 1 and 2 and (B) Axes 1 and 3. Output
from CANOCO (2002).
FIGURE 5 | Percentage of collection sites ofA. albimanus (black bars),
A. pseudopunctipennis (spotted bars), andA. punctimacula (diagonal
bars) larvae in Ecuador, categorized by geographic overlap of land cover
categories from GlobCover© 2009 MERIS (MEdium Resolution Imaging
Spectrometer FR mosaics for 2009), which uses 22 land cover classes
from the UN Land Cover Classification System at 300m raster tile
resolution (Data fromArcGIS online, ESRI). Analysis conducted in ArcGIS
v.10 (ESRI, 2008).
Although more standing water was observed on empty lots,
these were the least-observed land use in the altitudinal transects
and the smallest in size. Incident sunlight is high, favoring A. albi-
manus andA. pseudopunctipennis larvae,where water bodies exist.
Most often, construction activities and heavy machinery tear apart
the surface of the earth, creating permanent depressions, including
permanent tire tracks, that ﬁll with water. Better management of
these sites for mosquito habitat elimination would involve ensur-
ing that the ground is carefully leveled prior to its temporary or
permanent abandonment by a construction company.
Unlike on the coast, banana, sugarcane, and mixed tree planta-
tions are generally dry in highland (steep) regions and do not pro-
vide much, if any, potentially suitable standing water for Anopheles
larvae. Therefore, none of these common land uses ought to be
considered priority areas for standingwater elimination ormalaria
prevention in the highlands of Ecuador. In Belize, the runoff from
sugarcane plantations can lead to a bloom of Typha domingensis
Personnel.,which is negatively correlated to the presence of A. albi-
manus larvae (Grieco et al., 2006), and may exclude larvae from
sugarcane-adjacent water bodies in Ecuador as well.
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Roads were associated in the PCA with macrophyte vegeta-
tion cover, which is a less suitable characteristic for Anopheles
larval habitat. Although, roads often provide sunlit, open habi-
tat, which were judged in 44% of cases to be potentially suitable
for A. punctimacula and 26% of cases for A. albimanus, A. albi-
manus, and A. pseudopunctipennis were actually collected in two
clusters of sites during roadside transects. Five out of the 38
sites sampled provided larvae during sampling, and densities of
larvae collected in roadsides were similar to those observed dur-
ing other collection efforts (Pinault and Hunter, 2011a). Despite
the apparent clustering pattern, water bodies were not clus-
tered at speciﬁc altitudes with less severe slopes, but rather, ran-
domly distributed along roadways. Cement ditches placed along
the roadways often became clogged with debris from adjacent
trees and rocks, and subsequently ﬁlled with water permanently.
Although road workers do periodically remove this debris, this
study documents the use of these water bodies by anopheline
larvae, necessitating more vigilance, and ensuring that roadside
ditches along highways are frequently drained, especially at lower
elevations.
River-associated habitat appeared to be important to anophe-
line larvae in the western highlands of Ecuador. Rivers were
associated with greater water clarity, higher temperatures, the
presence of algae, and incident sunlight, all of which are very
suitable characteristics for A. albimanus and A. pseudopunctipen-
nis. Although 58% of sites were judged suitable for A. albimanus
and 29% for A. pseudopunctipennis, A. albimanus were collected
more often in low-altitude river systems, while A. pseudopunc-
tipennis were abundant in highland rivers that feed from most
higher-altitude watersheds. A. punctimacula frequently co-occurs
in the same river alongside A. pseudopunctipennis, although the
two were never found to cohabit the same water bodies. Nineteen
of the 41 sites sampled had larvae present, and larval abundance
in these water bodies was similar in density to those from previ-
ous sampling efforts (Pinault and Hunter, 2011a). The presence
of Anopheles larvae in highland rivers was observed historically
in Balzapamba (650m), where A. pseudopunctipennis larvae were
collected in river-associated pools formed by an earthquake and
subsequent landslide (Hanson and Montalvan, 1938). Similarly,
Levi Castillo (1947) documentsA. pseudopunctipennis in highland
river edges in the late 1940s.
If rivers produce a large proportion of suitable habitat, they
may provide corridors for the passage of anopheline mosquitoes
tomove into higher-altitude regionswith favorablemeteorological
conditions. Although rivers are not technically a human land use,
rivers in Ecuador are modiﬁed by adjacent land uses that some-
times includes the dumping of rocks and boulders into the stream,
the construction of off-shoot canals for irrigation and drainage
(that are notwell-maintained) and thepresence of water-collecting
tubes that force water to collect in pools and slow-moving streams
on the edges of rivers. Another possible source of larval habitat is
the reduction of river ﬂow due to either the diminished glacier-
fed streams from glacier disappearance due to climate change
(Bradley et al., 2006; Vergara et al., 2007) or to the modiﬁca-
tion of the river ﬂow due to the construction of hydroelectrical
dams (Vergara et al., 2007; L. Pinault, personal observation).When
the ﬂow is sufﬁciently reduced, a greater surface area is available
on the river edge within the original streambed for the forma-
tion of rock pools and slow-moving water streams. It is therefore
the author’s recommendation that highland rivers and streams
(ca. 1500–2500m) be monitored for the presence of Anophe-
les larvae in the western Andes to forecast and prevent future
highland malaria incidences. As well, construction and hydro-
logical projects that reduce river ﬂow ought to ensure that the
river edge walls are sufﬁciently steep, or that boulders and other
impediments are removed from the river, to prevent the forma-
tion of water pools and slow-moving offshoots on the edges of
rivers.
Since land use including roads and rivers is a strong driver of
highland malaria, several authors have stressed the importance of
relating speciﬁc land use changes to the distribution of infectious
disease to predict and control future incidences and epidemics
(e.g., Patz et al., 2004; Munga et al., 2009). For example, in Nigeria,
water bodies related to speciﬁc types of farming such as trenches,
dams, and irrigation have been identiﬁed as potential anophe-
line larval habitat (Oladepo et al., 2010). Farmers in these regions
have been provided with these data, resulting in many farmers
now managing their property to prevent the formation of stand-
ing water (Oladepo et al., 2010). The identiﬁcation of cattle farms,
river edges, and road edges as potential sources of anopheline lar-
val habitat in highland regions of Ecuador implies that managers
of these land use types ought to be targeted in source reduction
educational programs.
In the management of highland anopheline species, insecti-
cide spray programs used with larval habitat management have
been demonstrated to be particularly effective due to the limited
number of habitats available (e.g., de Zulueta et al., 1964). The
identiﬁcation of speciﬁc highland habitats associated with land
uses, such as permanent cattle watering holes/ponds and mod-
iﬁed rivers, allows malaria prevention programs to target these
habitats in highlands and thereby reduce populations of potential
malaria-vectoring mosquitoes. Finally, regional mapping of high-
land larval habitats based on our ﬁndings may allow community
members andmalaria control personnel to either eliminate habitat
or initiate spray programs when required.
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